ABSTRACT The improvement of the operating flexibility of a thermal power unit has always been an essential issue due to its substantial support to power system stability. In addition, this issue has become increasingly important for the large-scale integration of fluctuant wind energy. The feedwater bypass (FWB) is an effective method for raising the load-following capability of a power unit by quickly activating its thermal storage system. However, understanding the dynamic characteristics of the FWB and designing appropriate control strategies for this method remain as challenges. In this paper, mathematical models that describe the static and dynamic characteristics of the FWB in unit power output are presented and discussed. Then, an optimized control strategy for improving a power unit's load-following capability is developed by combining FWB and the traditional coordinated control strategy (CCS). Last, field tests on a 300-MW power unit show that the unit ramp rate can be raised to twice that in traditional CCS using the improved strategy. Moreover, the strategy can be extensively used in coal-fired units for the flexible power regulation and the primary frequency control of power grids.
I. INTRODUCTION
Grid-connected units are required to provide a primary frequency reserve to electricity grids by adjusting their power production to respond to load demand changes [1] , [2] . As the dominant power source in some countries [3] , coal-fired power generation has been facing considerable challenges in its load-following capability due to the large mismatch between boilers and turbines [4] . Furthermore, the integration of renewable energies has been making it an urgent issue [5] to improve the flexibility of coal-fired units. In China, the National Energy Administration launched pilot projects in 16 coal-fired power plants in 2016 to improve their flexibility in integrating renewable energy sources. Flexible improvement is planned for a coal-fired generation of approximately 219 million kW by 2020.
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A flexible coal-fired unit should be capable of modulating electric power in accordance with the automatic generation control (AGC) demand in time, i.e., it is up and down ramp rates should be fast [6] . However, coal-fired units adopt the boiler-turbine coordinated control strategy (CCS) to regulate turbine power output by using thermal storage in the boiler system [7] . Moreover, the considerable delays in mass transport, fuel grinding, and heat transfer to the water-steam cycle slow down power response [8] . Thus, the optimization of CCS has remained a popular but challenging task for decades.
McDonald et al. [9] designed boiler-turbine coordinated control schemes and conducted analysis by applying optimal linear regulator theory. Daren et al. [10] recommended applying a feedback linearization technique to the power output control of a boiler-turbine generating unit and designed a nonlinear coordinated controller. Yu et al. [11] presented a novel coordinated robust nonlinear control scheme for a boiler-turbine-generator system by adopting approximate dynamic feedback linearization and an H∞ robust control VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ design. Fang et al. [12] and Wang et al. [13] presented an efficient control scheme based on backstepping theory and improved the load adaptability of a boiler-turbine unit within a wide operating range. Menhas et al. [14] developed a new variant of the binary particle swarm optimization (PSO) algorithm, called probability-based binary PSO, to tune the parameters of a coordinated controller. Ataei et al. [15] proposed a boiler-turbine coordinated multivariable control system based on an improved sliding mode controller. Ma et al. [16] designed a neural network (NN) inverse coordinated control scheme based on their developed NN expanded structure inverse system models. Liu et al. [17] proposed to optimize the control performance of coordinated control via a constrained predictive scheme. Li et al. [18] developed a model predictive control (MPC) strategy based on a genetic algorithm to solve the boiler-turbine control problem. X. Kong et al. presented a nonlinear multivariable hierarchical MPC for a boiler-turbine system [19] . Yang et al. [20] proposed a genuine nonlinear approach for the controller design of a boiler-turbine system and firstly designed a finite-time convergent controller based on a second-order nonlinear model. All the preceding methods have improved CCS performance to a certain extent and contributed considerably to coal-fired unit and grid load-frequency controls. Given that a rapid electric power response is required to integrate large-scale renewable energy sources, additional stored energy must be activated, because an increase in electrical power output due to an increase in fuel input is extremely slow. Various measures, such as turbine exhausted steam, extraction steam [21] , condensation water, and feedwater flow controls [22] , [23] , can result in rapid power response. For turbine exhausted steam flow control, high-pressure (HP) or intermediate-pressure turbine valves must be installed for the required throttling. Extraction steam flow control requires an extraction butterfly valve and leads to considerable temperature changes in the extraction tubes. Therefore, hardware transformation may be implemented first before the above methods take effect; furthermore, these methods may increase lifetime consumption due to substantial variations in thermal stress [24] . Thus, the two measures are rarely used in power plants. Condensate throttling, which was proposed by G. Lausterer [25] , has been extensively focused on and popularized due to its convenient operation, rapid load response, and minimal influences on unit efficiency and lifetime. Hu et al. [26] first established a nonlinear dynamic model for a condensate throttling system. Wang et al. [27] provided quantitative calculations of the controllable power range and sustainable time and then developed a control strategy that combined condensate throttling and CCS.
For feedwater flow control, Lausterer [25] conducted dynamic simulations on an entire 660 MW supercritical coal-fired power plant using GSE software, and the feedwater bypass (FWB) method was analyzed and compared with the HP extraction steam throttling method. Umezawa [28] analyzed the relation between power output increase and the ratio of bypassing heaters and then established the procedures for the bypassing heater method. To date, static and dynamic models that can describe the relationship between turbine power output and FWB ratio remain lacking. Furthermore, a control strategy that combines FWB and CCS should be developed, because storage capacity is limited and a sustained increase in power output can only be achieved by increasing fuel input. Accordingly, the current study aims to model the relationship between FWB flow and turbine power output. It also intends to design an improved CCS by introducing FWB into traditional CCS. The remainder of this paper is structured as follows. Section 2 presents the FWB model. Section 3 describes the design of a novel flexible control strategy. Section 4 uses a 300 MW unit as an example to demonstrate the effectiveness of the proposed strategy. Lastly, Section 5 provides the conclusions drawn from the study.
II. FWB MODELING
The study selects a coal-fired power plant as the investigation object. As shown in Figure 1 , the thermal system is composed of three HP preheaters, one deaerator, and four low-pressure preheaters. The FWB ratio is controlled by the FWB valve located after the feedwater pump and before the boiler (Fig. 1.) When the feedwater valve is open or when its opening is increased, the feedwater flows passing through NOs. 1 to 3 heaters will soon decrease, and their extraction steam flows will subsequently decrease rapidly. The cause and effect are illustrated in Fig. 2 .
Although the 1 st to 3 rd extraction steam condenses into drainage water and enters the dearator, it will exert minimal influence on the dearator's water temperature variations, along with the 4 th extraction steam flow within a short time. It depends on whether plenty of water is stored in the dearator and slows down heat transfer in the dearator. During this period, the turbine power output will increase rapidly due to the reduction of the first to third extraction steam.
Meanwhile, the feedwater temperature at the boiler inlet will decrease rapidly, which will reduce live steam enthalpy and the enthalpy of all steam extractions. Therefore, extraction steam flows will be raised accordingly. In the second period, the turbine power output will decrease due to the increase in all steam extractions.
The two state models for the aforementioned two periods will be presented in the following subsections.
A. STATIC MODEL 1) INITINAL MODEL
Commonly, the turbine power output can be obtained by:
where P is the turbine power output, h 0 is the live steam enthalpy, σ is the reheater enthalpy rise, h es is the exhausted steam enthalpy, m i is the i th extraction steam mass flowrate, h i is thei th extraction steam enthalpy, and m BFPT is the extraction steam mass flowrate of boiler feedwater pump turbine (BFPT).
In a constant boiler-turbine load, extraction steam mass flows can be calculated using the steam-water distribution equation, as follows:
where τ is the feedwater enthalpy rise matrix that is described as
A is a constant matrix that is represented as [29] 
m is the extraction steam flow matrix:
where τ i is the enthalpy rise of feedwater through NO. i heater, q i is the enthalpy drop of extraction steam, and γ i is the enthalpy drop of drainage water.
2) FIRST-STAGE MODEL
During the first stage, the 1 st to 3 rd extraction steam is influenced and changed, which will result in rapid and appreciable influence on the electric power output. In order to quantitatively evaluate this affect, by supposing that the mass flow of FWB is (1−α)m fw , the updated steam-water distribution equation for NOs. 1 to 3 preheaters will be obtained as follows:
By solving Eq. (6), we will obtain the fresh flows for the first to third extraction steam:
The flow increments for the 1 st to 3 rd extractions will be
Moreover, the turbine power increment is as follows:
The actual turbine power output is
where P 1 is the final turbine power output for the first stage, and P 0 is the initial turbine power output. 
3) SECOND-STAGE MODEL
The feedwater temperature at the boiler inlet changes gradually during the first stage. Therefore, its enthalpy, i.e., the enthalpy of the feedwater mixture is as follows:
Suppose the heat absorption of the feedwater in the boiler is kept constant. Then, the feedwater enthalpy at the boiler outlet, i.e., the live steam enthalpy, will be as follows:
Sequentially, the first extraction steam enthalpy, the other extractions' enthalpy, and the exhausted steam enthalpy can be calculated using the following equation:
where h i is the enthalpy of the i th extraction steam, h (i+1),d is the ideal enthalpy of the (i+1) th extraction steam in an isentropic do-work process, and η ij is the interstage efficiency between the two neighboring extractions.
Interstage efficiency primarily depends on the neighboring extractions' pressure ratio. In a constant boiler-turbine load, live steam pressure is also constant; thus, all the extractions' pressure remains invariant, and all interstage efficiencies [30] are equal to that in the initial state.
For the ideal enthalpy,
Live steam enthalpy, all the extractions' enthalpy, and exhausted steam enthalpy can be obtained in this manner. Fig.3 presents the calculation flowchart.
4) QUANTITATIVE CALCULATIONS
A coal-fired thermal power plant is used as an example to perform several quantitative calculations. Its live steam has the parameters 16.7 MPa and 537 • C under a rated condition. In addition, the other parameters, including eight extractions' pressure and temperature, drainage water temperature, and the inlet and outlet temperatures of eight preheaters, are all provided in the plant's heat balance diagram. Moreover, data in 75%, 50%, and 40% turbine heat acceptance (THA) are provided. Using the first-stage and second-stage models described earlier, we can calculate the maximum and final power output increments, respectively. The results in the four boiler-turbine loads (40%, 50%, 75%, and 100% THA), five FWB ratios (20%, 40%, 60%, 80%, and 100%), and under 20 operating conditions are presented in Table 1 and Fig.4 . Conclusions can be drawn that the power output increment and the decrease in the two FWB stages are proportional to the FWB ratio and boiler-turbine load.
A universal representation of the FWB ratio that influences power output in any boiler-turbine load is necessary for load control. The least square method (LSM) [31] is selected to build the model using the data obtained through static model calculations. The model is expressed as
In accordance with LSM, (20) Lastly, in the relationship between power output increment and load ratio, the FWB ratio can be expressed as
In such case, c 2 = 61.4079, c 1 = −0.0041, c 0 = 50.2665 for the first-stage model. Fig.5 illustrates the model accuracy. 
B. DYNAMIC MODEL
As discussed above, two static stage models are provided to illustrate the influence of FWB on power output. However, the dynamic model is too complex to obtain using the mechanism analysis method. Therefore, the current study uses an identification method to construct the dynamic model of FWB. Numerous dynamic variation curves of the power output caused by FWB were given in [6] , and their shapes are in complete accord. As shown in Fig. 6 , the dynamic stage has two distinct stages. During the first stage, the response is rapid and can generally reach its peak within 1 min, whose characteristic is the same as a one-order inertia object. During the second stage, the electric power output has been decreasing and its duration is over 20 min. As long-term FWB operation will remarkably decrease the unit efficiency and power output, FWB control tends to be accomplished in the first stage. To match the response timescale of CCS, the dynamics of FWB in 10 min is analyzed and identified. Its responding curve, as shown in Fig.6 , is equivalent to the difference of two one-order inertia objects' responding power output can be expressed as
Therefore, the FWB dynamic model can be obtained as the transfer function style:
As shown in Fig. 6 , the dynamics of the preceding model is in accordance with the real data, particularly during the first stage. Notably, model predictive accuracy decreases with the time passing backward during the second period.
III. PLANT CHARACTERISTICS AND CONTROL STRATEGY DESIGN
As introduced in Section 2, decreasing or increasing feedwater flow through HP preheaters via FWB can rapidly increase or decrease power output. Thus, it can hopefully be used to accelerate the power output response and improve the load-following capability of coal-fired units. However, a sustained increase in power output can only result from an increase in fuel input, given that storage capacity is constantly limited. Furthermore, FWB should not be used for long, because the long-term operation of FWB will result in an unsafe and low-efficient unit. Therefore, FWB regulation cannot be adopted as a single method for power load control but as an assistant method for the traditional CCS.
A. PLANT CHARACTERISTICS
By introducing FWB regulation into the traditional CCS [32] , the power load control system can be described as
where p t is the main steam pressure, G ij represents the elements of the transfer function matrix, µ B is the fuel flow, µ T is the turbine governor valve opening, and µ fw is the valve opening of FWB. The influence characteristics of fuel flow, turbine governor valve opening, and valve opening of FWB on power load and main steam pressure are illustrated in Fig. 7 . 
B. CONTROL STRATEGY DESIGN
Before designing the updated control strategy by combining FWB and the traditional CCS, the following key principles must be first specified.
(1) FWB regulation should play a major role in the initial control period, gradually weaken its effect following the fuel flow increase, and finally terminate its effect at the end of the control period and recover feedwater flow to its former value.
(2) Fuel flow regulation should comply with the real power demand regardless of the ''false power load'' from FWB regulation. At the end of the control process, all power load changes are supported by fuel flow regulation.
Considering the aforementioned principles, an optimized control strategy is designed as shown in Fig. 8 . First, FWB regulation is selected as the primary control for the power load due to its rapid response and zero impact on main steam pressure.
IV. SIMULATION AND ANALYSIS
In this section, a 300 MW unit [34] is presented as a case study. Its model parameters in a 100% boiler-turbine load are as follows: The simulation process is described as follows. The initial balance power load is set as 290 MW, and the feedwater flow is 248.12 kg/s. As shown in Figs. 9 and 10, the unit power load has stabilized at 290 MW and FWB flow at 0 kg/s at the 200 th s. During this moment, a load step with 20 MW is imposed, and the load is expected to rise to 310 MW. The power response curves, as shown in Fig. 9 , indicate that the ramp rate of the improved strategy is nearly twice that of the traditional CCS. The other performance indices, such as settling time and overshot, are also superior with the improved strategy over those with the traditional CCS. The parameters of proportional-integralderivative (PID) controllers, tuned in MATLAB R 2014a, are provided in Table 2 . The integrated time and absolute errors (ITAEs) [35] of power regulation in the two strategies are also given in this table, which show that the control performance of the improved strategy is considerably better than that of the traditional CCS.
The FWB variations are presented in Fig. 10 to analyze the control process. When the set point of electric power stepping is at 200 s, FWB flow is changed immediately to respond to electric power. Meanwhile, fuel regulation is activated by a power difference, excluding the power change caused by FWB. With the gradual matching of fuel supply and power output, FWB flow will be controlled to disappear eventually. During the final state of power load control, all the changes in electric power are supported by e fuel regulation. Moreover, it exerts no significant influence on the unit's normal operation.
V. CONCLUSIONS
In this work, FWB regulation is modeled and introduced to the electric power load control of coal-fired units by designing a combined control strategy with CCS and FWB. This strategy improves electric power-following capability, thereby ensuring that power units can follow the AGC demand well by raising the electric power response rate, shortening response starting time, and diminishing deviations. The simulation results demonstrate the effectiveness of the proposed strategy. Overall, the major contributions of this study are summarized as follows.
(1) Static models in two stages are established based on mechanism analysis. The relationship between FWB flow and power output is quantitatively provided.
(2) A dynamic model based on mechanism analysis and experimental curve identification is developed to accurately determine the first-stage dynamics between FWB flow and electric power output.
(3) A combined control strategy for rapid electric power control is proposed. This strategy utilizes FWB's fast response characteristics to improve unit power load-following capability.
(4) The performance of CCS is compared with that of the proposed strategy. The comparison results show that the performance of the proposed strategy is superior to that of the traditional CCS.
Future work will focus on the quantitative calculations of the economic impact of the improved strategy. Moreover, analyzing the deaerator's water level variations and reducing its influence on performing rapid power load change within a wide range will undergo future investigation.
